Abstract The feasibility of using difference spectroscopy, i.e. subtraction of two correlation spectra at different mixing times, for substantially enhanced resolution in crowded two-dimensional 13 C-13 C chemical shift correlation spectra is presented. With the analyses of 13 C-13 C spin diffusion in simple spin systems, difference spectroscopy is proposed to partially separate the spin diffusion resonances of relatively short intra-residue distances from the longer inter-residue distances, leading to a better identification of the inter-residue resonances. Here solid-state magic-anglespinning NMR spectra of the full length M2 protein embedded in synthetic lipid bilayers have been used to illustrate the resolution enhancement in the difference spectra. The integral membrane M2 protein of Influenza A virus assembles as a tetrameric bundle to form a protonconducting channel that is activated by low pH and is essential for the viral lifecycle. Based on known amino acid resonance assignments from amino acid specific labeled samples of truncated M2 sequences or from timeconsuming 3D experiments of uniformly labeled samples, some inter-residue resonances of the full length M2 protein can be identified in the difference spectra of uniformly 13 C labeled protein that are consistent with the high resolution structure of the M2 (22-62) protein (Sharma et al., Science 330(6003):509-512, 2010).
Introduction
In the past decade, solid-state magic-angle-spinning (MAS) NMR has rapidly emerged as a powerful technique for studying insoluble proteins, such as membrane proteins. Spectral resolution in these proteins is a major problem because of the uniform low dielectric environment in the transmembrane (TM) domain and the hydrophobic amino acid content. Resonance assignment is an essential step towards structural determination of uniformly 15 N and 13 C labeled proteins, routinely requiring multi-dimensional solid-state MAS NMR techniques, such as three-dimensional (3D) NCOCX and NCACX (Pauli et al. 2001 ). In such 3D experiments, the N-C heteronuclear correlations (NCO and NCA) are keys toward sequential assignments due to the fact that each backbone nitrogen covalently bonds with the carbonyl (C') carbon of residue i and the Ca of residue i ? 1 providing a through-bond linkage between two sequential residues. While this approach does not eliminate the need for 3D experiments it does provide enhanced resolution spectra for the observation of long range couplings and for some resonance assignments in experiments on samples that may be quite sensitive to long experimental times if they are performed at elevated temperatures to achieve a native-like environment. Typically the heteronuclear polarization transfer efficiency between 13 C and 15 N is around 30-40 %. More critically, the amide 15 N chemical shift resonances are considered to be more sensitive to the heterogeneity and/or dynamics (Saito et al. 2010; Wylie et al. 2006 ) of the sample being investigated, so that the spectral resolution in the 15 N dimension may be worse than that in the 13 C dimension in solid-state MAS spectroscopy of membrane proteins. Here, we demonstrate the feasibility of using difference spectroscopy to identify some inter-residue correlations for resonance assignments in the crowded 2D 13 C-13 C chemical shift correlation spectra of uniformly 13 C, 15 N-labeled full length M2 protein.
The Influenza A virus M2 protein assembles as a tetrameric bundle to form a proton-conducting channel that is activated by low pH and is essential for the viral lifecycle (Sugrue and Hay 1991; Sakaguchi et al. 1997) . The full length M2 is a 97-residue protein with a 22-residue N-terminal and a 51-residue C-terminal segment connected by a single TM helix of 24 residues. Its amphipathic helix (residues 47-62) (Schnell and Chou 2008; Tian et al. 2003; Nguyen et al. 2008 ) is essential for membrane trafficking, localization and viral budding (Ma et al. 2009; Rossman et al. 2010) , while the a-helical TM tetramer (residues 25-46) is responsible for the proton conductance that triggers the release of viral RNA into the host cells. This tetrameric TM domain is an important drug target (Hu et al. 2007; Nishimura et al. 2002; Lamb et al. 1985; Grambas et al. 1992) and therefore this domain and constructs including both the TM and amphipathic helix (conductance domain, residues 22-62) have been the subject to a number of high-resolution structural studies in the past decade using both magic angle spinning (MAS) (Cady et al. 2009 (Cady et al. , 2010 and oriented sample (Du et al. 2012; Hu et al. 2007; Sharma et al. 2010; Wang et al. 2001 Wang et al. , 2013 solid-state NMR (ssNMR) as well as solution NMR (Schnell and Chou 2008; Pielak et al. 2009 Pielak et al. , 2011 Pielak and Chou 2010) and X-ray crystallography (Stouffer et al. 2008; Acharya et al. 2010) . In recognition of the importance of environments that support the native structure and function of membrane proteins (Cross et al. 2011; Duerr et al. 2012) , ssNMR is increasingly being recognized as an important tool. Additional sparse distance restraints from MAS NMR have also been obtained from samples in lipid environments to validate the tetrameric structure of the TM pore within the conductance domain Andreas et al. 2010) . The observation of resonance pairs for His37 and Trp41 sites as well as others in the TM domain from specific (Hu et al. 2007; Andreas et al. 2010 Andreas et al. , 2012 and uniformly Miao et al. 2012 ) labeled samples suggests that the structure is a dimer of dimer conformation.
Structural restraints obtained from 13 C-13 C chemical shift correlation experiments are important building blocks for structural determination. With the development of dipolar recoupling techniques (Detken et al. 2001; Takegoshi et al. 2001; Weingarth et al. 2009 ) in MAS NMR, spin diffusion is one of the most useful tools for obtaining carbon-carbon distance restraints for protein structural elucidation. In such experiments, a short mixing time (typically a few milliseconds) can generate cross peaks between directly bonded carbons to establish the intraresidue connectivity. However, a much longer mixing time is needed to obtain the correlations between those sterically close carbons from different residues. Since spin diffusion is based on through-space dipolar couplings, both intraand inter-residue resonances coexist in the same spectrum, with the former giving rise to much stronger correlation signals than the latter, making it extremely difficult to identify those inter-residue resonances from the crowded spectrum. Understanding spin diffusion requires the knowledge of complete coupling networks of the system (Bloembergen et al. 1959; Vanderhart and Garroway 1979; Suter and Ernst 1985; Wei and Ramamoorthy 2001; Xu et al. 2008) . Here, we analyze the spin diffusion behavior in simplified coupling systems and introduce difference spectroscopy, i.e. subtraction of two 13 C-13 C chemical shift correlation spectra at different mixing times, for partial cancellation of the influence of spin diffusion resulting from short-distance spin pairs leading to an aid for the identification of long-range inter-residue resonances, which is essential for structural determinations. Since the structure for the TM domain in the full length M2 protein is virtually the same as in the truncated conductance domain sequence (Miao et al. 2012 ), spectra of uniformly 13 C, 15 N-labeled full length M2 protein (M2FL), whose resonance assignments are known from the conductance domain (residues 22-62) , will be used to demonstrate the feasibility of identifying the inter-residue correlation peaks via difference 13 C-13 C chemical shift correlation spectra. M2 protein having the amino acid sequence described above was expressed in Escherichia coli BL21DE3 RP-codon plus strain (Weiner et al. 1994 ) (Stratagene) using the pTBSG vector. 2 9 50 mL of bacterial overnight culture (in LB with 0.1 mg/mL ampicillin) were transferred to 2 9 1 L fresh media (LB with 0.1 mg/mL ampicillin) and grown at 37°C in a shaker incubator until the bacteria entered logarithmic growth stage (OD600 *0.8). Cells were spun down by centrifugation at 6,0009g for 10 min. The cell pellet was transferred into 2 9 1 L minimal media (M9 with 4 g/L 13 C-glucose and 1 g/L 15 NH 4 Cl) and grown for 1 h at 27°C before adding 0.4 mM IPTG to induce protein expression which was carried out for 18 h at 27°C. Finally, the cells were spun down at 6,0009g for 15 min and the cell pellet was stored at -80°C. (Sambrook et al. 1989) .
Materials and methods

M2
Protein purification
Complete cell lysis and solubilization was performed by suspending the cells in 20 mM Tris, 500 mM NaCl, 3 % empigen, 0.1 % TritonX-100, 0.8 M urea, 0.25 mg/mL lysozyme, 0.2 mg/mL phenylmethylsulfonyl fluoride, and 1 ll/50 mL benzonase nuclease (Novagen), pH 8.0 at 4°C overnight with agitation. The cell lysate was cleared by centrifugation at 12,000g for 20 min and filtered with a 0.2 lm filter before loading onto a 20 mL HIS-FastFlow (GE Healthcare) column equilibrated in 20 mM Tris, 500 mM NaCl, 2.5 % empigen, 20 mM imidazole, pH 8.0 using an AKTA-FPLC system (GE Healthcare). The column was subsequently washed in three steps with the following buffers: (1) 20 mM Tris, 500 mM NaCl, 2.5 % empigen, 20 mM imidazole, pH 8.0, (2) 20 mM Tris, 500 mM NaCl, 0.7 % empigen, 60 mM imidazole, pH 8.0, (3) 20 mM Tris, 0.5 % octyl-b-D-glucopyranoside (OG), pH 8.0. Finally, the protein was eluted with 20 mM Tris, 2 % OG, 500 mM imidazole, pH 8.0. The typical yield is *40 mg/L and the His-tag is not removed.
Protein reconstitution in DOPC/DOPE liposomes
Proteoliposomes containing DOPC/DOPE/M2 in a molar ratio of 4:1:150 were prepared using a detergent dialysis protocol (Basu and Basu 2002) . For reconstitution, DOPC and DOPE lipids (Avanti Polar Lipids) were mixed in a round bottom flask in chloroform and the solvent was removed first by flowing N 2 gas over the solution and then under high vacuum overnight. The lipid film was suspended in deionized water and sonicated until the solution became clear. The liposome solution was then made 20 mM Tris, 2 % OG, pH 8.0. Purified M2 protein in 2 % OG was mixed with this lipid/detergent preparation to a final lipid concentration of 5 mM, which was incubated on a shaker bed at room temperature for 1 h. The proteinlipid-detergent mixture was then transferred to 3.5 kDa cutoff dialysis bag and dialyzed against 20 mM Tris buffer, pH 6.6 at room temperature. Detergent was removed through several rounds of buffer change over 2 days. The final dialysis steps were against 5 mM Tris, pH 6.6 containing 2-4 g/L of Amberlite to avoid high salt concentration in the liposome pellet and to remove any remaining detergent. The liposome suspension harvested after dialysis was centrifuged at 12,0009g for 20 min to remove any precipitate and then sonicated in a bath sonicator for 15 min to reduce the vesicle size and to achieve a more homogeneous liposome population. Finally, the liposome solution was ultracentrifuged at 400,0009g for 6 h at 5°C producing a wet pellet. The proteoliposome pellet containing approximately 10 mg of M2 protein was packed into a 3.2 mm thin-wall MAS rotor (36 lL sample volume).
NMR spectroscopy MAS NMR spectra were acquired on a Bruker Avance 600.1 MHz NMR spectrometer using an NHMFL 3.2 mm Low-E triple-resonance biosolids MAS probe (Gor'kov et al. 2007; McNeill et al. 2009 ). The sample spinning rate was controlled by a Bruker pneumatic MAS unit at 10 kHz ± 3 Hz. The 13 C magnetization was enhanced by cross polarization (CP) with a contact time of 1 ms, during which a 1 H spin-lock field of 50 kHz was used and the 13 C B 1 field was ramped from 38 to 56 kHz (Peersen et al. 1994) . The 13 C 90°pulse length was 3.2 ls. A SPINAL64 decoupling sequence (Fung et al. 2000) with a 1 H B 1 field of 78 kHz was used during the t1 and t2 dimensions. TPPI was used for quadrature detection in the t1 dimension (Bodenhausen et al. 1980) . A DARR irradiation (Takegoshi et al. 2001 ) was used during 13 C-13 C mixing time with a 1 H B 1 irradiation field of 10 kHz. The acquisition times for t1 and t2 dimensions were 6.5 and 10.3 ms, respectively. The data were zero-filled to a 2,048 9 2,048 matrix before Fourier transform and were processed with a Gaussian window function (LB = -50 Hz and GB = 0.15) in both dimensions. The 13 C chemical shifts were referenced to the carbonyl carbon resonance of glycine at 178.4 ppm relative to TMS.
Results and discussions
13 C-13 C chemical shift correlation spectra Figure 1 shows the 13 C-13 C DARR spectra of the 13 C, 15 N uniformly labeled full length M2 protein in DOPC/DOPE lipid bilayers at pH 6.6 using different mixing times J Biomol NMR (2013) 56:265-273 267 (10, 50, and 200 ms). For the 10 ms mixing time (Fig. 1a) , the cross peaks mostly result from intra-residue resonances. These resonances are almost entirely from the TM and amphipathic helices (residues 23-62, i.e. the conductance domain). The residues for the terminal helices appear to be much broader. In fact, the resonance frequencies in Fig. 1a are so similar to those obtained from the DARR spectra of the M2 conductance domain sequences (Andreas et al. 2010; Can et al. 2012 ) that the resonance assignments can be transferred from the conductance domain to these spectra of the full length protein. Therefore, we have adopted their assignments, which are primarily restricted to the TM helix. It is clear that the multiple Leu and Ile resonances are not resolved due to the very small dispersion that is typical in TM helices. While frequencies with an error bar of less than a ppm can be assigned to each of these residues it is not possible to identify the inter-residue cross peaks with a sequence specific Leu or Ile based on these uniformly 13 C labeled spectra alone. Knowing that the MAS spectral frequencies of the full length and conductance domain samples are the same suggests that the conductance domain structure can be used to help identify the sequence specific cross peak resonances in these DARR spectra.
At longer mixing times (e.g. 50 and 200 ms), with more inter-residue cross peaks appearing in the spectral space these 2D spectra become highly congested. Another contributing factor to this congestion is the broad resonances, which we anticipate are from the terminal regions. Since the inter-residue and inter-helical cross peaks are typically at longer distances and therefore require longer mixing times to build up, it becomes extremely difficult to identify the resonances. For instance, a small intensity for the interresidue resonance ICd1-LCa at (58.1, 14.2) ppm can be observed in Fig. 1b owing to the lack of any intra-residue resonances in this region. Only in these regions can interresidue resonances be easily identified, such as those residues that are in close proximity to the Gly residue (Ca at 48.2 ppm). While in the crowded regions (e.g. the areas between Ca-Ca, Ca-Cb, and Cb-Cb) where the inter-and intra-residue cross peaks are severely overlapped, as shown in Fig. 1b, c , it is extremely difficult, if not impossible, to extract the inter-residue cross peaks.
Spin diffusion transfer in simple spin systems
In order to understand the spin diffusion transfer behavior, we consider a simple three-spin system (Ca-Cb-Cg) where the spin diffusion between Ca $ Cb, Cb $ Cg, and Ca $ Cg are characterized by the time constants s sd ab , s sd bg , and s sd ag , respectively. The proton-driven DARR/PARIS 13 C-13 C spin diffusion (Takegoshi et al. 2001; Weingarth et al. 2009 ) is a very complicated process. It highly depends on 13 C-13 C distances (proportional to 1/r 6 , where r refers to their inter-nuclear distance) but also is affected by other factors such as proton coupling network, dynamics, proton-proton dipolar interactions and dipolar recoupling efficiencies, etc. (Ernst et al. 1989; Khitrin et al. 2011) . For simplicity, we use this simplest model and assume that the spin diffusion time is 5 ms for the directly bonded carbons and 130 ms for the two non-bonded carbons based on their relative distances, i.e. s sd ab = s sd bg = 5 ms and s sd ag = 130 ms. Figure 2a shows the spin diffusion transfer from Ca to Cb (solid blue line) and then to Cg (dashed blue line) as a function of mixing time. Clearly, for the directly bonded Ca-Cb, the Cb magnetization builds up very fast and reaches a plateau at *20 ms. While the indirect transfer from Ca to Cg (via Cb) is also fast and reaches a plateau at *50 ms mixing time, even though the distance from Ca to Cg is relatively long owing to the presence of their bridging N-labeled full length M2 in DOPC/DOPE liposomes at pH 6.6 using mixing times of a 10 ms, b 50 ms, and c 200 ms. The assignments were adopted from JACS (Andreas et al. 2010; Can et al. 2012) carbon, Cb. However, in the absence of the bridging carbon Cb, this two non-bonded 13 Ca ? 13 Cg transfer is rather slow, as indicated by the green solid line in Fig. 2a , because of their relatively long distance. Generally, this implies that relatively short mixing times allows for establishing the connectivity within each residue (each residue can be considered as a sub spin system) for uniformly 13 C labeled samples, while for limited labeling by means of 1,3-and 2-glycerol samples a much longer mixing time is needed even for the connectivity within the same residues.
If there are carbons that are in close proximity to this three-spin system, those carbons will also receive the magnetization transfer from Ca through spin diffusion. Again for simplicity, we use Cx to represent a carbon from a different sub spin system in the close proximity, which could be one of the carbons in a nearby residue. Figure 2b shows the spin diffusion transfer from Ca to Cb (solid blue line) and to Cg (dashed blue line), and then to Cx (solid green line) as a function of mixing time, assuming that the spin diffusion time between Cg and Cx is 300 ms. Apparently, the Cb and Cg magnetization buildup is similar to that in Fig. 2a . However, their magnetization will not remain at the plateau in the presence of Cx. Instead, their magnetization decreases as Cx magnetization slowly builds up, but only reaches 15 % intensity at a 100 ms mixing time compared to Cb or Cg magnetization. Clearly, the spin diffusion between relatively distant carbons, such as between residues, is inefficient and can only be observed with a long mixing time. However, it is severely obscured by the spin diffusion within residues, making it difficult to identify inter-residue resonances that are not within van der Waals contact.
Difference spectroscopy
It can be rationalized from Fig. 2 that the spin diffusion within a residue is generally very efficient while typically very ineffective between residues. In order to identify the weak inter-residue spin diffusion, we introduce difference spectroscopy to reduce the complexity in the spectra by suppressing the spin diffusion resulting from the shorter distance carbon pairs. Figure 3 shows the difference spectrum between two DARR spectra with 50 and 20 ms mixing times. It is noted that the spectra need to be normalized prior to the difference spectroscopy in order to minimize the T 1 relaxation effect during the mixing time, although such an effect is small because the mixing time is usually shorter than the relaxation time. There are two ways to do the normalization: (1) normalizing the total signal intensity of the first t1 increment in the 2D experiments; (2) normalizing the specific signal intensity from the processed 2D spectra based on the fact the signal intensity for each resonance should be conserved at different mixing times in the absence of relaxation. In other words, the sum of all signals (the diagonal peak and its cross peaks) along either the t1 or t2 dimension resulting from a specific resonance should remain the same at different mixing times in the absence of relaxation. The latter processing would minimize the influence of the lipid signals, as opposed to the former one. Here, we used the ICd1 resonance peaks, far away from the lipid resonances, for normalization before performing the difference spectroscopy.
The resolution in Fig. 3 appears to be greatly enhanced as compared to Fig. 1b . There are three scenarios in the difference spectrum: null, positive (red), and negative (green). Compared to Fig. 1a , all of the one-bond resonances in Fig. 3 have either disappeared or become negative, except those for ACa-Cb that remain positive. These can be understood as follows: One-bond 13 C-13 C correlation quickly builds up to reach a plateau at *20 ms and remains unchanged at a longer mixing time, provided that little magnetization transfer to other remote carbons occurs at 50 ms mixing time. In this case, the signals are canceled in the difference spectrum. However, if there are other carbons in close range and the magnetization transferring to those carbons becomes noticeable at this mixing time, these signals at the longer mixing time (e.g. 50 ms) become smaller than at the shorter mixing time (e.g. 20 ms), resulting in negative peaks in the difference spectrum. For ACa-Cb, there exists the internal rotation in the methyl group resulting in a relatively slow buildup of their correlations, so they cannot reach equilibrium within a 20 ms mixing time and therefore remain as positive signal intensities in the difference spectrum. Among the rest of the positive peaks, many of them are inter-residue correlations with some additional two-bond correlations (ICg2-Cg1, ICd1-Cb, LCd-Cb, ICg2-Ca, ICg1-Ca, VCg-Ca, LCgCa, P25Ca-Cg) and three-bond correlations (ICd1-Ca, LCd-Ca). For the diagonal resonances, they always become negative in the difference spectra as long as they participate in spin diffusion. Therefore, the negative peaks in the difference spectrum indicate that those carbons have spin diffusion transfer to near-by carbons of other residues. It can be noticed from Fig. 3 that the negative peaks are mainly from H, P, L, V, and I residues and many intra-residue cross peaks for P, L, V, and I can be identified from the negative peaks in the difference spectrum, especially in the 20-40 ppm region (e.g. P25Cg-Cb, VCb-Cg2, VCb-Cg1, LCd-Cg) without interference from the diagonal peaks as compared to the spectra in Fig. 1 . This also allows the revealing of some inter-residue correlations (e.g. H37BCb-LCg) that are close to the diagonal.
With the known amino acid assignments and the improved resolution in Fig. 3 , some sequence specific interresidue resonances (either intra-or inter-helical) can now be identified as consistent with the structure 2L0 J. For instance, the ACb-Ca correlation is now resolved into two peaks: A29 and A30, in the difference spectrum and their correlations with other residues can be traced out (A30Cb-L26Cg, I35Cg1-A30Ca (inter-helical), V28Cb-A29Ca, I32Cb-A29Ca). While the V27 and V28 peaks as well as many L residues in the DARR spectra are severely overlapped (c.f. Fig. 1b) , the improved resolution in the difference spectrum in Fig. 3 permits us to unambiguously trace the L26-V27 correlations, e.g. V27Cg2-L26Cb, V27Cb-L26Ca, L26Ca-V27Ca, as indicated by the grey solid lines. While in the Ca-Ca region, many inter-residue resonances are well resolved in the difference spectrum compared to the highly congested DARR spectra (Fig. 1b, c) .
Various schemes have been proposed to simplify the crowded 13 C-13 C chemical shift correlation spectra of membrane proteins either through labeling strategies (specific labeling, reverse labeling, glucose labeling, or glycerol labeling) (Castellani et al. 2002; Higman et al. 2009; Habenstein et al. 2013) or via spectroscopic methods (Traaseth and Veglia 2011) . The difference spectroscopy proposed here simplifies the spectra by suppressing the intra-residue resonances allowing for a better identification of the inter-residue resonances. However, a complete suppression of the intra-residue resonances in a difference spectrum is impossible, since the spin diffusion process and distances varies for the residues in a protein sequence. Thus, there is a need to collect several difference spectra using different mixing times in order to gain more structural information. Difference spectroscopy has been widely used in both solution (Ernst et al. 1989 ) and solid-state NMR (Gopinath et al. 2010) , where the most common applications are to select two quadrature components in the indirect dimension through editing (sum and difference) two data sets for sensitivity enhancement. In our case, we simply subtract two 13 C-13 C chemical shift correlation spectra at different mixing times.
It is interesting to note from Fig. 3 that both of the His37 resonances, i.e. H37ACa-Cb at (62.6, 32.4) ppm and H37BCa-Cb at (59.7, 31.2) ppm, show negative intensities, indicating that some carbons from neighboring residues are very close. Figure 4 shows their intensities as a function of mixing time. Obviously, the intensity for H37BCa-Cb is noticeably more intense than H37ACa-Cb at 10 ms mixing time but decays faster with the increase of mixing time.
This supports the suggestion of two conformations/charged states of H37 in the H37 tetrad with H37B carrying more charge under this condition since more protons in its close proximity would strengthen the coupling network giving rise to more effective spin diffusion.
Conclusion
Difference spectroscopy has been proposed to enhance spectral resolution to discriminate intra-and inter-residue correlations in the long mixing time 13 C-13 C chemical shift correlation spectra in solid-state MAS NMR of membrane proteins. The idea is to partially suppress the spin diffusion contributions from relatively short distance intra-residue carbons, leading to a better identification of long distance inter-residue resonances. This enhanced resolution allows us to obtain long-range distance restraints in crowded 2D 13 C-13 C correlation spectra based on the known amino acids assignments but without the involvement of the third 15 N dimension. By using the uniformly 13 C, 15 N -labeled full length M2 protein in DOPC/DOPE lipid bilayers at pH6.6 as an example, we have identified many of the interresidue resonances for the conductance domain of the full length M2 protein, which agree very well with those previously assigned resonances from truncated M2 sequences obtained by using specific labelings or by time-consuming three-dimensional NCOCX/NCACX experiments. Thus, the difference spectroscopy offers an opportunity to make sequential 13 C assignments without involving the nitrogen dimension, which could be very useful and complementary to other multidimensional methods for structural determination of membrane proteins, particularly when the 15 N resolution is limited. C chemical shift correlation spectra. An exponential decay was used to fit these data, yielding a decay rate of 36.5 and 43.7 ms for H37ACa-Cb and H37BCa-Cb, respectively J Biomol NMR (2013) 56:265-273 271
